We have investigated the patterns of postnatal brain expression and DNA binding of Gtx, a homeodomain transcription factor. Gtx mRNA accumulates in parallel with the RNAs encoding the major structural proteins of myelin, myelin basic protein (MBP), and proteolipid protein (PLP) during postnatal brain development; Gtx mRNA decreases in parallel with MBP and PLP mRNAs in the brains of myelin-deficient rats, which have a point mutation in the PLP gene. Gtx mRNA is expressed in differentiated, postmitotic oligodendrocytes but is not found in oligodendrocyte precursors or astrocytes. These data thus demonstrate that Gtx is expressed uniquely in differentiated oligodendrocytes in postnatal rodent brain and that its expression is regulated in parallel with the major myelin protein mRNAs, encoding MBP and PLP, under a variety of physiologically relevant circumstances.
Myelin is a multilamellar membrane structure ensheathing axons in both the C NS and the peripheral nervous system (PNS) and acts to facilitate nerve conduction. In the C NS, myelin is synthesized by oligodendrocytes (Wood, 1984) and consists of a series of concentrically wrapped extensions of the oligodendrocyte plasma membrane. Myelin is composed mainly of lipid but also contains a number of myelin-specific structural proteins, including proteolipid protein (PL P), myelin basic protein (M BP), cyclic nucleotide phosphodiesterase (C N P), myelin-associated glycoprotein (M AG), and myelin -oligodendrocyte glycoprotein (Campagnoni, 1988; Lemke, 1993) .
Synthesis of the proper amounts of the myelin-specific proteins and lipids by oligodendrocytes is critical for both normal myelin sheath formation and normal brain f unction. Lack of expression of M BP in the mouse mutant shiverer, for example, causes failure of normal myelin compaction and causes a progressive ataxic syndrome in affected animals. Replacement of the missing MBP in affected mice rescues both the clinical and the dysmyelinating phenotypes (Readhead et al., 1987 (Readhead et al., , 1994 . Lack of PLP expression attributable to a PLP deletion also causes abnormal myelin formation (Raskind et al., 1991; Hodes et al., 1993) , producing mental retardation, ataxia, weakness of limbs, and increased muscle tone. In addition, overexpression of the PLP gene in transgenic mice (Kagawa et al., 1994; Readhead et al., 1994) and individuals with a PLP duplication (Hodes et al., 1993; Ellis and Malcom, 1994) causes CNS dysmyelination with a similar neurological syndrome. Thus, too little or too much of the normal myelin constituents can cause dysmyelination in the CNS.
The cellular and molecular processes that regulate the synthesis and assembly of the myelin sheath, although important for proper brain function, are poorly understood. Oligodendrocyte precursors migrate out from regions surrounding the developing ventricles (Yu et al., 1994) to populate developing axon tracts. Before the onset of myelination, these proliferating oligodendrocyte precursors stop dividing and begin to synthesize the major myelin structural proteins in an orderly sequence. CNP appears first, then MBP, MAG, and finally PLP days later (Dubois-Dalcq et al., 1986; Knapp et al., 1987) ; myelination then commences. Although the myelin proteins appear at different times during oligodendrocyte development, the mRNAs encoding these proteins accumulate with similar temporal profiles both in the developing brain and in oligodendrocytes in culture (Z eller et al., 1985; Collarini et al., 1992; Grinspan et al., 1993; Scherer et al., 1994) . Regulation of this process, including the accumulation of myelin-specific mRNAs and proteins, as well as compact myelin, can be accounted for by the transcriptional activation of the set of myelin-specific protein genes during the final stage of oligodendrocyte differentiation (Z eller et al., 1984; Milner, 1985; Z eller et al., 1985; Roach et al., 1983; . Thus a coordinated activation of myelin-specific gene expression precedes the onset of myelination by oligodendrocytes in the C NS and is critical for normal myelin formation.
The molecular mechanisms underlying the activation of myelin-specific gene expression are not well understood. Several laboratories have demonstrated that relatively small regions of DNA sequence upstream of both the PL P and M BP genes are sufficient for developmental and tissue-specific activation of lacZ expression in oligodendrocytes in transgenic animals (Gow et al., 1992; Goujet-Z alc et al., 1993; Wright et al., 1993; Wrabetz et al., 1995) , and transcription factors interacting with these regions have been identified (Berndt et al., 1992; K im and Hudson, 1992; Haas et al., 1993; Wrabetz et al., 1993) . Only one of these factors, MyT1, a member of the zinc finger family of DNA-binding proteins, has been shown to be expressed in oligodendrocytes (Armstrong et al., 1995) . The role of MyT1 in the activation of myelin-specific gene expression is uncertain, because its expression declines with the onset of myelination.
The transcription factor Gtx, a novel member of the homeodomain family, has been shown to be expressed in white matter in adult rodents (Komuro et al., 1993) . In this paper we have extended this initial observation by investigating in detail the timing of Gtx expression in brain and in cultured oligodendrocytes. We find that Gtx is expressed in differentiated oligodendrocytes but not in oligodendrocyte progenitors, astrocytes, or other glia. In postnatal rodent brain, Gtx expression is thus confined to oligodendrocytes. Furthermore, Gtx expression parallels that of the myelin-specific mRNAs in a variety of physiologically relevant circumstances, including development and in the brains of myelin-deficient rats, which have a point mutation in the PLP gene. Finally, using a Gtx f usion protein, we have found that Gtx can interact with the M BP and PL P promoters in a sequencespecific manner by way of the core homeodomain binding motif, and we have identified four Gtx binding sites within the first 750 bp of the M BP promoter and four Gtx binding sites within the first 1.3 kb of the PL P promoter. Inspection of the first kilobase of the PL P promoter sequence f urther demonstrates the presence of six additional Gtx binding sites. Gtx is thus the only transcription factor known that is uniquely expressed in differentiated oligodendrocytes and that also interacts with myelin-specific promoters. These data, taken together, strongly suggest that Gtx is important for the f unction of differentiated oligodendrocytes and may be involved in the regulation of myelin-specific gene expression.
MATERIALS AND METHODS
Cell culture. Primary mixed glial cultures obtained from cerebral white matter of 6-d-old rats were prepared and grown as described (Grinspan et al., 1990) . Complement-mediated cell lysis of oligodendrocytes and their progenitors was performed using anti-GalC and A 2 B 5 antibodies as described (Grinspan et al., 1990) . Purified progenitor cultures were prepared as described previously (Collarini et al., 1992) .
Northern blot anal ysis. Northern blot analysis was performed as described . Briefly, mouse and rat tissue RNA was isolated by the guanidium thiocyanate-CsCl 2 method (Chirgwin et al., 1979) . T wenty micrograms of total RNA were electrophoresed on a 1% agarose/2.2 M formaldehyde gel and then transferred overnight to a nylon membrane (Duralon; Stratagene, La Jolla, CA) in 6ϫ SSC. The blots were then UV-cross-linked (0.12 J), prehybridized, hybridized, and washed using standard techniques (Sambrook et al., 1989) . The following probes were used: a f ull-length 1.25 kb Gtx cDNA, a 0.85 kb Pst fragment from a rat C N P cDNA (Bernier et al., 1987) , a 1.5 kb EcoRI fragment from a rat M BP cDNA isolated in our laboratory, a 1.4 kb fragment from a rat PL P cDNA , and a 1.3 kb cDNA encoding rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Fort et al., 1985) .
32 P-labeled probes were prepared by primer extension with random hexamers using the Prime-a-gene kit (Promega, Madison, W I).
R Nase protection assay. RNase protection assays were performed as described by Kamholz et al. (1988) . Fragments of Gtx, M BP, and GAPDH cDNAs were cloned into Bluescript SK (Stratagene). Radiolabeled antisense RNA was prepared using either T3 or T7 RNA polymerases (Promega). Fifty thousand to 100,000 cpm of each probe were incubated with 5-20 g of total RNA in a buffer containing 10 mM PI PES, pH 6.7, 80% formamide, 0.4 M NaC l, and 1 mM EDTA overnight at 47°C in a total volume of 30 l. Then, 300 l of RNase digestion buffer (10 mM Tris, pH 7.5, 0.3 M NaC l, 1 mM EDTA, 40 g /ml RNase A, and 1 g /ml RNase T1) was added to each hybridization reaction and incubated at 30°C for 1 hr. Next, 20 l of 10% SDS and 5 l of Proteinase K (20 mg /ml) were added to each reaction and incubated at 37°C for 30 min. The reactions were then phenol -chloroform-extracted, ethanolprecipitated, and resuspended in 5 l of 80% formamide/dye-loading buffer. The reactions were analyzed on a 4% acrylamide/7 M urea sequencing gel. The gel was dried and exposed to x-ray film with an intensif ying screen.
In situ hybridization. In situ hybridization of mixed glial cultures was performed as described by Ghandour and Skoff (1991) , and the slides were developed using nitroblue tretrazolium 5-bromo-4-chloro-3-indoyl phosphate.
Production of a maltose-binding protein (mbp)-Gtx f usion protein.
An NcoI-SphI fragment containing the Gtx open reading frame was bluntended with T4 DNA polymerase (Promega) and cloned in frame with maltose-binding protein (mbp) into the BamHI site of pMal-c2 (New England Biolabs, Beverly, M A), and the f usion site was verified by DNA sequencing. To produce an mbp -Gtx f usion protein, TB1 bacteria were transformed with the above construct, grown to an OD 600 of 0.6, and induced with 0.3 mM isopropyl-1-thio-␤-D-galactopyranoside for 30 min. The bacteria were harvested by centrif ugation; the pellet was resuspended in (in mM) 200 NaC l, 10 Tris, pH 7.4, 1 EDTA, and 1 DTT; and the soluble protein was released by freeze-thawing and sonication. The bacterial extract was then centrif uged for 30 min at 10,000 rpm (Sorvall SS-34 rotor), and the supernatant was passed through an amylose resin column. Fractions were eluted with (in mM) 10 maltose, 200 NaC l, 10 Tris, pH 7.4, 1 EDTA, and 1 DTT and dialyzed overnight at 4°C in a buffer containing 5% glycerol and (in mM) 50 NaC l, 10 Tris, pH 7.4, 1 EDTA, and 1 DTT. The protein concentration of the fractions was determined using a Bio-Rad (Richmond, CA) protein assay kit. The fractions were then analyzed by SDS-PAGE followed by Coomassie blue staining. The identity of the mbp -Gtx f usion was confirmed by immunoblotting with an antibody against maltose-binding protein (New England Biolabs). Maltose-binding protein without the Gtx f usion was produced and isolated in an identical manner as above.
To remove the maltose-binding protein moiety from mbp -Gtx, the f usion protein was subjected to proteolytic cleavage by factor Xa protease, as described by the supplier (New England Biolabs). Briefly, 20 g of affinity-purified mbp -Gtx f usion protein was incubated with 1 g of factor Xa protease in a 100 l reaction in elution buffer for varying amounts of time at room temperature. SDS-PAGE analysis of the cleavage products visualized by Coomassie blue staining demonstrated that complete cleavage occurred in 24 hr and that the cleavage products were of the predicted size for mbp and Gtx.
DNA immunoprecipitation assays. DNA immunoprecipitation assays were performed as described (Bharucha et al., 1994) . Plasmid DNAs containing the promoter region of interest, either M BP or PL P, were digested with restriction enzymes as described in the legend to Figure 7 . The pool of fragments was end-labeled with [␣- 32 P]dC TP by filling in with K lenow DNA polymerase. Approximately 500,000 cpm of the labeled fragments were mixed with 4 l (0.5 M) mbp -Gtx or with 4 l of a similar fraction of mbp in a volume of 20 l in a buffer containing (final concentration) 5% glycerol, 50 mM NaC l, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM DTT, and 1 g poly(dI-dC) (Sigma, St. L ouis, MO), and the mixture was incubated on ice for 1 hr. T wo microliters of anti-mbp antisera (New England Biolabs) were then added to the reaction and incubated on ice for an additional 30 min. T wenty-two microliters of 50% protein A-Sepharose beads (Pharmacia, Piscataway, N Y) were then added to the reaction, and the incubation continued for 20 min on ice. The reaction was centrif uged for 30 sec in an Eppendorf microcentrif uge at maximum speed to pellet the Sepharose, and the supernatant was removed. The beads were then washed twice with 1 ml of ice-cold wash solution (100 mM NaC l, 50 mM Tris, pH 7.4, 5 mM EDTA, and 0.1% N P-40), briefly air-dried, resuspended in 5 l of loading buffer (80% formamide, 0.01N NaOH, 1 mM EDTA, and 1 mg /ml bromophenol blue and xylene cyanole), heated at 95°C for 5 min, and then loaded on a 6% acrylamide/7 M urea sequencing gel. After electrophoresis the gel was dried and exposed to x-ray film with an intensif ying screen.
Electrophoretic mobilit y shif t assay. Varying amounts of protease Xacleaved Gtx were incubated with 40,000 cpm of end-labeled, doublestranded oligonucleotides at 4°C in 5% glycerol, 10 mM Tris, pH 7.4, 50 mM NaC l, 1 mM EDTA, 1 mM DTT, and 1 g of poly(dI-dC) at a final volume of 20 l. After 1 hr, protein -DNA complexes were loaded onto an 8% nondenaturing polyacrylamide gel, and the gel was electrophoresed at 20 mA in a running buffer containing (in mM) 6.7 Tris, pH 7.4, 3.3 sodium acetate, and 1 EDTA cooled to 4°C. Gels were then dried and exposed to x-ray film overnight at Ϫ70°C with an intensif ying screen.
The oligonucleotides used were as follows: Hox A5/A6, 5Ј-AAGAGGTAGTAATTAGATC TGTCAATTT-3Ј and 3Ј-CATCAT-TAATC TAGACAGTTAAAG-5Ј; mutant Hox A5/A6, 5Ј-AAGAGG-TAGTGGCCAGATC TGTCAATTT-3Ј and 3Ј-CATCACCGGTC TAG-ACAGTTAAAG Ϫ5Ј; brain creatine kinase (CK), 5Ј-GGC TATAA-ATAGCCGCCA-3Ј and 3Ј-CCGATATTTATCGGCGGTGTGA-5Ј; PL P1, 5Ј-CAC TTAATTTCCACCCACAATTACATTC -3Ј and 3Ј-TGAATTAAAGGTGGGTGTTAATGTAAG-5Ј; PL P2, 5Ј-ATGTTT-GGTAATATAGCAAGTAGGGT-3Ј and 3Ј-ACAAACCATTATATC -GTTCATCCCA-5Ј; PL P3, 5Ј-AATCATTAATAC TTC TGGC TC T-TC TTGA-3Ј and 3Ј-TTAGTAATTATGAAGACCGAGAAG-5Ј; PL P4, 5Ј-GAAGAAAATAATTCCCCAGTAAAC TC -3Ј and 3Ј-TT-C TTTTATTAAGGGGTCATTTGAG-5Ј; M BP1, 5Ј-TGCACATA-TTC TGTGGGTTTTATAGGAG-3Ј and 3Ј-CGTGTATAAGACACC -CAAAATATCC TC -5Ј; M BP2, 5Ј-TCC TTGCATATTTAAC TTA-TG-3Ј and 3Ј-AGGAACGTATAAATTGAATACGTG-5Ј; M BP3, 5Ј-TTGTCAAATAAATGC TCC TTGCA-3Ј and 3Ј-CAGTTTATTTAC -GAGGAACGT-5Ј; and M BP4, 5Ј-AAGAAAACTAAAAACACC T-TTTGTC -3Ј and 3Ј-TTCTTTTGATTTTTGTGGAAAACAGTT-5Ј.
RESULTS
Gtx mRNA increases in parallel with the major myelinspecific mRNAs during postnatal brain development Komuro and colleagues (1993) initially identified Gtx as a homeodomain protein expressed in adult white matter. Because white matter contains at least three cell types, oligodendroctes, oligodendrocyte precursors, and astrocytes, this localization is not sufficient to identify which cell is expressing Gtx or to describe the developmental profile of Gtx expression. To evaluate the timing of Gtx expression during brain development, we analyzed the steady state levels of Gtx mRNA in mouse cerebrum from the day of birth [postnatal day 1 (P1)] to P120 (adult) by Northern blotting. As can be seen in Figure 1 A, two Gtx mRNAs, a major species of 1.5 kb and a minor species of 2.0 kb, were detected in developing mouse brain. Both Gtx mRNAs can first be detected in the developing mouse cerebrum at P15, reach a peak between P25 and P30, and decline somewhat in the adult. A similar profile of mRNA accumulation was also found for the mRNAs encoding MBP, PLP, and CNP1, the larger of the two CNP transcripts. The smaller CNP transcript, encoding the CNP2 isoform, is expressed much earlier in development, probably by oligodendrocyte precursors Yu et al., 1994) .
Because the homeodomain family of transcription factors shares significant amino acid homology within the homeodomain, we wished to demonstrate that the signal detected by Northern blotting was specific for Gtx. We thus repeated the experiment shown in Figure 1 A using the technique of RNase protection to analyze the steady state levels of Gtx mRNA. The results of this Figure 1 . Analysis of Gtx mRNA accumulation in developing mouse cerebrum. A, T wenty micrograms of total mouse cerebrum RNA from P1 to adult were electrophoresed, blotted, and successively hybridized with radiolabeled cDNA probes encoding Gtx, C N P, PL P, M BP, and GAPDH. B, Twenty micrograms of the same total mouse cerebrum RNA as in A were hybridized to a uniformly labeled, singled-stranded cRNA probe encoding mouse Gtx. The resulting hybrids were digested with RNase A and T1, and the protected fragments were separated on a 4% acrylamide/7 M urea DNA-sequencing gel. A schematic diagram of the Gtx cDNA is shown below the autoradiogram; the cRNA probe used, encoding nucleotides 672-1052, is underlined. The locations of the undigested probe of 447 bp (lane C) and the protected fragments of 377 bp are indicated at the right. experiment and the specific probe used are shown in Figure 1 B. The predicted Gtx-specific band of 377 nucleotides can first be detected at postnatal day 15, peaks between postnatal days 15 and 25, and declines in the adult. These data, taken together with those above, demonstrate that Gtx mRNA increases in parallel with the major myelin-specific mRNAs during development and suggest that Gtx is expressed by myelinating oligodendrocytes.
Gtx is expressed predominantly in brain and thymus, but not by myelinating Schwann cells in the PNS
To determine the tissue distribution of Gtx expression in adult animals, we analyzed a number of organs for the presence of Gtx transcripts by RNase protection. The results of this experiment, shown in Figure 2 , demonstrate that Gtx expression is limited to a few adult tissues, including brain and thymus. Gtx is not expressed in adult spleen, lung, heart, liver, or kidney. Furthermore, Gtx is not expressed in adult sciatic nerve, which contains Schwann cells, the myelinating cells of the peripheral nervous system, or in purified Schwann cell cultures (data not shown). The demonstration that Gtx is expressed in thymus is important, because several other myelin-related transcripts, including those encoding PL P/ DM20 (Pribyl et al., 1996) , C N P , and GOL LI-M BP (Pribyl et al., 1993) , are also expressed in this tissue. These data suggest that Gtx is also coordinately expressed along with myelin transcripts in thymus as well as in brain.
Gtx is expressed by oligodendrocytes in primary cultures derived from cerebral white matter
Because our developmental Northern blot data suggest that Gtx mRNA accumulates in myelinating oligodendrocytes, we investigated the pattern of Gtx mRNA expression in mixed cerebral white matter cultures by RNase protection and in situ hybridization. Primary cultures of cerebral white matter, which contain both astrocytes and differentiating oligodendrocytes (Grinspan et al., 1990 , were examined for Gtx and MBP mRNA. As can be seen in Figure 3A , both Gtx and MBP mRNAs accumulate in parallel as oligodendrocytes differentiate in the presence of PDGF . However, when oligodendrocytes and their precursors are removed from this culture by complement-mediated cell lysis before extracting RNA, no Gtx or MBP transcripts can be detected. These data thus strongly suggest that Gtx is expressed by differentiated oligodendrocytes but not by astrocytes. To confirm this hypothesis directly, mixed cerebral white matter cultures derived from postnatal mouse brain, which also contain both differentiating oligodendrocytes and astrocytes (Knapp et al., 1987) , were analyzed for Gtx mRNA expression by in situ hybridization. These data, shown in Figure 3B , demonstrate reaction product in cells with the typical branched morphology of postmitotic oligodendrocytes but not in cells from the astrocyte bed layer. The reaction product is localized predominantly to the perinuclear cytoplasm. The faint staining of the oligodendrocyte processes and astrocyte membranes represents nonspecific staining. Taken together, the above data demonstrate that Gtx mRNA is found exclusively in oligodendrocytes but not in astrocytes in primary cultures prepared from cerebral white matter.
Gtx mRNA is expressed by postmitotic, differentiated oligodendrocytes
To determine at which stage of oligodendrocyte development Gtx mRNA could first be detected, we analyzed RNA extracted from a differentiating population of growth factor-"synchronized" oligodendrocytes for the presence of both Gtx and MBP mRNAs by Northern blotting. This culture system contains a purified population of oligodendrocyte precursors isolated from neonatal rat brain by immunopanning, which can proliferate indefinitely in the presence of basic FGF (bFGF) and PDGF. When these growth factors are removed, however, the cells cease dividing and differentiate within 24 -48 hr (Collarini et al., 1992; Scherer et al., 1994) . As can be seen in Figure 4 , neither Gtx nor MBP mRNA can be found in dividing oligodendrocyte precursors cultured in the presence of growth factors (time 0). When the growth factors are removed and the cells differentiate, both MBP and Gtx mRNAs can be detected after 48 hr. These data thus demonstrate directly that Gtx mRNA is expressed in vitro in differentiated, postmitotic oligodendrocytes but not their proliferating precursors.
Gtx mRNA is coordinately downregulated with other myelin-specific mRNAs in md rat brain
The data presented above demonstrate that Gtx mRNA is expressed in postnatal brain exclusively in myelinating oligodendrocytes. Because Gtx mRNA accumulates in parallel with the major myelin-specific mRNAs both during brain development in vivo and oligodendrocyte differentiation in vitro, Gtx expression seems to be regulated as part of a coordinated program of myelinspecific gene expression. To evaluate this point further, we analyzed the steady state levels of Gtx mRNA in myelin-deficient (md) rats, which have a point mutation in the major myelin protein, PLP, causing a marked decrease in myelin-specific mRNA expression because of failure of oligodendrocyte maturation (Nadon and Duncan, 1995) . RNase protection analysis of md rat brain RNA, shown in Figure 5 , shows a marked decrease in both MBP and Gtx mRNAs at all time points compared with controls. This experiment thus demonstrates that Gtx mRNA is decreased in parallel with that of MBP mRNA in the brains of md Figure 2 . RNase protection analysis of Gtx mRNA expression in neural and non-neural adult mouse tissues. T wenty micrograms of total RNA isolated from various adult mouse tissues were hybridized to a uniformly labeled, singled-stranded cRNA probe encoding mouse Gtx and digested with RNase A and T1, and the protected fragments were separated on a 4% acrylamide/7 M urea DNA-sequencing gel. The locations of the undigested probe of 447 bp (lane C) and the protected fragments of 377 bp are indicated at the right.
rats. Gtx mRNA expression is thus coordinately regulated with the major myelin protein genes, both during development when oligodendrocytes differentiate and in a pathological situation in which oligodendrocyte gene expression is known to be downregulated.
Gtx is a sequence-specific DNA-binding protein that interacts with an AT-rich core homeodomain binding site Using a glutathione S-transferase (GST) fusion protein containing only the homeodomain portion of Gtx in a PCR-based selection assay, Komuro and colleagues (1993) could not identify a unique Gtx-specific binding sequence. To evaluate Gtx-DNA interactions further, we expressed the full-length Gtx in bacteria fused to the Escherichia coli mbp and then purified the mbp-Gtx fusion by maltose affinity chromatography. A Western blot of whole-cell extracts prepared from bacteria expressing the fusion protein, probed with an anti-maltose binding protein antibody, demonstrates a single band of 72 kDa, the appropriate size of the mbp-Gtx fusion protein (data not shown). We then evaluated affinity-purified mbp-Gtx fusion protein from which the mbp moiety had been cleaved by factor Xa protease for its ability to bind to two known AT-rich homeodomain core binding sites using an electrophoretic mobility shift assay. The first site, containing the core sequence TAATTA, has been shown by Odenwald and co-workers (1989) to interact with both Hox A5 and Hox A6 proteins expressed in baculovirus (J. Garbern, unpublished observations); the second site, TATAAAT, containing the MEF-2 sequence found in the brain CK promoter (Horlick et al., Figure 3 . Gtx mRNA is expressed in oligodendrocytes. A, Ten micrograms of total RNA, prepared from rat cerebral white matter (CWM ) cultures treated with PDGF for various times, were hybridized simultaneously with uniformly labeled cRNA probes encoding Gtx, M BP, and GAPDH. The resulting hybrids were digested with RNase A and T1, and the protected fragments were separated on a 4% acrylamide/7 M urea DNA sequencing gel. RNA from P34 rat brain was used as a control. Astrocyte RNA was prepared from C W M cultures, which had been depleted of oligodendrocytes by complement-mediated cell lysis (Astrocytes lane). The appropriately sized protected fragments of 377 bp (Gtx), 101 bp (MBP), and 324 bp (GAPDH) were observed for each probe. B, Mixed glial cultures, composed of both oligodendrocytes and astrocytes, were prepared from neonatal mouse brain, and the cells fixed onto coverslips and hybridized with a digoxigenin-labeled cDNA f ull-length probe encoding mouse Gtx. After hybridization the coverslips were Figure 4 . Northern blot analysis of Gtx mRNA expression in growth factor-stimulated cultures of developing oligodendrocytes. Total RNA was prepared from purified oligodendrocyte precursors cultured in the presence of bFGF and PDGF and at 24, 48, and 72 hr after growth factor withdrawal. Ten micrograms of RNA were electrophoresed per lane, blotted, and sequentially probed with radiolabeled cDNAs encoding Gtx, M BP, and GAPDH.
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washed and developed with nitroblue tretrazolium 5-bromo-4-chloro-3-indoyl phosphate. Note that the reaction product, representing hybridization to the labeled Gtx probe, is concentrated around the oligodendrocyte nucleus (large arrows) and in the oligodendrocyte perinuclear cytoplasm (arrowhead) but is not found in the underlying bed layer of astrocytes (*). Komuro and colleagues (1993) to bind to a GST-Gtx homeodomain f usion protein.
1990), was shown by
As can be seen in Figure 6 , the f ull-length Gtx protein shifts the oligonucleotide containing the core sequence TAATTA in a dose-dependent manner. A 10 nM concentration of protein is capable of producing an observable gel shift, and competition with 200-fold excess of this unlabeled oligonucleotide completely inhibits binding in the presence of 50 nM Gtx. When the homeodomain binding site is mutated to TGGCCA, however, no binding is observed with 100 nM protease-cleaved Gtx, and 200-fold excess of this mutant oligonucleotide does not inhibit binding to the unmutated site in the presence of 50 nM Gtx. In contrast, Gtx binds to the M EF-2 site from the brain CK promoter with less affinity than the TAATTA sequence, because 100 nM protein is required to produce an observable gel shift. These data thus demonstrate that Gtx interacts with DNA in a sequence-specific manner by way of an AT-rich core homeodomain binding site. In addition, they f urther demonstrate that the strength of specific Gtx-DNA interactions is sequence-dependent. Gtx binds with higher affinity to the TAATTA site, which contains a core TAAT homeodomain binding sequence, than to the M EF-2 site, which does not.
The MBP and PLP promoters contain multiple Gtx binding sites
The pattern of Gtx expresion suggests that it is involved, either directly or indirectly, in regulating the program of myelin-specific gene expression in oligodendrocytes. If Gtx were directly involved in this process, it should interact with several of the myelin-specific gene regulatory regions. To evaluate this possibility, we adapted an immunoprecipitation assay to identify specific Gtx-DNA interactions within the promoters of the MBP and PL P genes. The regulatory regions evaluated, the proximal 750 bp of the human M BP promoter and the proximal 1.3 kb of the rat PL P promoter (Boison et al., 1989) , have been shown to drive oligodendrocyte-specific, developmentally regulated gene expression in transgenic mice (Nadon et al., 1994; Wrabetz et al., 1995) and thus contain the DNA sequences sufficient for this purpose. Using this assay, we found that Gtx could interact with four of six fragments within the proximal 1.3 kb of the PLP promoter and two of six fragments within the proximal 739 bp of the MBP promoter (see Fig. 7A ). Each of these interactions required the mbp-Gtx fusion, because a control E. coli extract, containing mbp purified in the same manner as mbp-Gtx, did not immunoprecipate significant amounts of any of the promoter fragments.
To confirm both the above immunoprecipitation data and to localize specific Gtx binding sequences within the MBP and PLP promoter regions, we scanned the two promoters for the presence of putative AT-rich Gtx binding sites, similar to the Hox A5/A6 site previously shown to bind Gtx with high affinity. In this way we identified four putative Gtx binding sites within the initial 750 bp of MBP promoter and 11 putative Gtx binding sites within the first 1.3 kb of the PLP promoter. Each of the restriction fragments immunoprecipitated above contained two or more of these putative Gtx binding sites, whereas fragments not immunoprecipitated did not contain these sequences.
We then analyzed labeled, double-stranded oligonucleotides encoding putative Gtx binding sites located within each of the immunoprecipitated fragments using an electrophoretic mobility shift assay. The results of these experiments are shown in Figure  7 , B and C. Gtx binds three sites within the MBP promoter between nucleotides Ϫ598 and Ϫ656, located in one of the immunoprecipitated fragments, and another site between nucleotides Ϫ304 and Ϫ331, located in the second immunoprecipitated fragment. The site between nucleotides Ϫ598 and Ϫ621 binds Gtx with the highest affinity of the four MBP sites but not as high as the Hox A5/A6 site (data not shown). Binding to each of these four sites is specific, because it can be competed out with 200-fold molar excess unlabeled oligonucleotide encoding a Hox A5/A6 binding site (H), but not with 200-fold molar excess unlabeled oligonucleotide encoding a mutant Hox A5/A6 binding site (H m ) (data not shown). None of the four MBP sites, however, encode a sequence identical to the Hox A5/A6 core sequence.
Gtx also binds at least four sites within the PLP promoter, each of which is also located in one of the four immunoprecipitated fragments. The site located between nucleotides Ϫ644 and Ϫ671 binds Gtx with the highest affinity, similar to that of the Hox A5/A6 sequence. The sites located between Ϫ409 and Ϫ434 and Ϫ1188 and Ϫ1214 bind with less affinity, and the site between Ϫ259 and Ϫ286 binds with the least affinity. Each of these four sites, however, contains a TAAT core, so that the presence of this core sequence alone cannot explain the differences in binding affinity. Binding to each of these four sites is specific, because it can be competed out with 200-fold molar excess unlabeled oligonucleotide encoding H but not with 200-fold molar excess unlabeled oligonucleotide encoding H m (data not shown). In addition to these four sites, there are six other putative Gtx binding sites within the PLP promoter, three of which also contain a TAAT core sequence. The location and DNA sequence of the Gtx binding sites within the MBP and PLP promoters are displayed in Table 1 . These data thus demonstrate that the regulatory regions of the MBP and PLP genes, which are coordinately regulated in oligodendrocytes during myelination, each contain multiple sites capable of binding Gtx.
DISCUSSION
In this study we have investigated the patterns of postnatal brain expression and DNA binding of Gtx, a homeodomain transcription factor. We have shown that Gtx mRNA accumulates in parallel with RNAs encoding two of the major structural proteins of myelin, MBP and PLP, during postnatal brain development, as Figure 5 . RNase protection analysis of Gtx mRNA in md rat brain. Ten micrograms of total brain RNA from md and normal rats of various ages were hybridized simultaneously with uniformly labeled cRNA probes encoding Gtx, MBP, and GAPDH. The appropriately sized protected fragments of 377 bp (Gtx), 101 bp (M BP), and 324 bp (GAPDH) were observed for each probe.
well as in the brains of myelin-deficient rats. Gtx mRNA is expressed in differentiated oligodendrocytes but not in oligodendrocyte precursors or astrocytes. In addition, we have demonstrated that Gtx can bind DNA sequences containing a core AT-rich homeodomain binding site and have identified four Gtx binding sites in the M BP promoter and an additional four Gtx binding sites in the PL P promoter. These data, taken together, strongly suggest that Gtx is important for the f unction of differentiated oligodendrocytes and may directly regulate myelinspecific gene expression.
Gtx is expressed by oligodendrocytes
The conclusion that Gtx mRNA is expressed by oligodendrocytes is based on the following observations. First, Gtx mRNA levels decrease in md rat brain and increase during postnatal brain development similar to the myelin-specific mRNAs expressed by differentiated oligodendrocytes but quite distinct from the pattern of astrocyte-specific gene expression (Brenner et al., 1994) . Second, Gtx mRNA can be detected by RNase protection analysis of RNA prepared from mixed cerebral white matter cultures containing both oligodendrocytes and astrocytes, and removal of oligodendrocytes by complement-mediated cell lysis eliminates the Gtx signal. Third, Gtx mRNA can be detected only in oligodendrocytes but not in astroctyes by in situ hybridization of mixed cerebral white matter cultures. Komuro and co-workers (1993) found Gtx mRNA predominantly in white matter in the brains of adult rodents by in situ hybridization. Our results thus confirm and extend this study and provide strong evidence that Gtx mRNA is expressed exclusively by differentiated oligodendrocytes but not by oligodendrocyte progenitors, astrocytes, or neurons in postnatal rodent brain.
In contrast to the above data, Komuro and co-workers (1993) found immunoreactive Gtx protein in both cultured astrocytes and oligodendrocytes using an antibody raised in chicken to a GST-Gtx homeodomain f usion protein. Because we have shown that Gtx mRNA cannot be detected in astrocytes, by either in situ hybridization or RNase protection, this result is somewhat surprising. Further analysis of this anti-Gtx antibody thus will be necessary to resolve the discrepancy in these data.
Transcription factors and the regulation of oligodendrocyte development
Only two transcription factors have been implicated by their pattern of expression in the regulation of oligodendrocyte differentiation. The first of these suppressed cAMP-inducible POU (SCIP), a member of the POU homeodomain family, is expressed in proliferating oligodendrocyte progenitors in culture but is markedly downregulated when the cells differentiate and cease dividing (Collarini et al., 1992 ). An SCIP binding site identified within the neuronal nicotinic acetylcholine ␣3 receptor promoter (Fyodorov and Deneris, 1996) is identical to one of the highest affinity Gtx binding sites, ATTAATG, located between nucleotides Ϫ662 and Ϫ669 within the PLP promoter, suggesting that both SCIP and Gtx can interact with this site. Inactivation of SCIP by homologous recombination, however, has little or no effect on CNS myelination (Bermingham et al., 1996) although SCIP-positive oligodendrocyte progenitors have been identified in vivo (Arroyo et al., 1994) . The second factor, MyT1, a member of the zinc finger family, was initially identified by its ability to bind to a specific DNA sequence in the promoter of the PLP gene (Kim and Hudson, 1992) . MyT1 is expressed in oligodendrocyte progenitors, both in vitro and in vivo, although its expression declines soon after the cells differentiate and begin to myelinate (Armstrong et al., 1995) . These data suggest that neither MyT1 nor SCIP is necessary for maintaining the phenotype of differentiated oligodendrocytes, although they may play a role in promoting oligodendrocyte differentiation. Gtx is thus unique, because it is the only transcription factor known to be expressed in differentiated oligodendrocytes, but not in other stages of the oligodendrocyte lineage.
The temporal correlation of Gtx and MBP mRNA expression in oligodendrocytes and the results of the Gtx-promoter binding studies suggest that the PLP and MBP genes may be downstream targets for Gtx. Consistent with this idea, transgenic mice containing the proximal 750 bp of the human MBP promoter fused to lacZ, with two sets of Gtx binding sites localized between nucleotides Ϫ608 and Ϫ636 and Ϫ301 and Ϫ331, express ␤-galactosidase in an oligodendrocyte-specific, developmentally regulated manner (Wrabetz et al., 1995) . Transgenic mice containing shorter human MBP promoter-lacZ fusion constructs containing either 150 or 420 bp of MBP promoter sequence did not express lacZ in brain at postnatal day 18, the peak of myelination (L. Wrabetz, unpublished results), suggesting that the more distal Gtx binding sites are necessary for MBP expression. In addition, 1.3 kb of the PLP promoter, which is sufficient to drive developmentally regulated PLP expression in transgenic mice (Nadon et al., 1994) , contains 11 putative Gtx binding sites, Figure 6 . Gtx is a sequence-specific DNA-binding protein.
Various amounts of mbp -Gtx (0, 1, 10, 50, and 100 nM) cleaved with factor Xa protease to remove the mbp moiety were incubated with an end-labeled, double-stranded oligonucleotide encoding a Hox A5/A6 binding site (H, lanes 1-5) ; 0, 1, 10, or 100 nM Gtx was also incubated with an end-labeled, double-stranded oligonucleotide encoding brain CK MEF-2 site (lanes 11-15) 3 kb proximal fragment of the rat PLP (rPLP) promoter were digested with various restriction enzymes, and the fragments were end-labeled and incubated with the mbp-Gtx fusion protein, mbp alone, or no protein. Protein-DNA complexes were then immunopreciptated with a polyclonal rabbit anti-mbp antiserum and Staphylococcus protein A-Sepharose beads and separated on a 4%/7 M urea DNA-sequencing gel. Labeled fragments not subjected to immunoprecipitation analysis were run as a control for each promoter (lane C). Sizes (in base pairs) of the labeled fragments from each promoter are indicated on the left and right. B, Electrophoretic mobility shift assay (EMSA) analysis of human MBP promoter-Gtx interactions. Four double-stranded oligonucleotide probes, corresponding to nucleotides Ϫ331 to Ϫ304 (MBP1), Ϫ621 to Ϫ598 (MBP2), Ϫ636 to Ϫ614 (MBP3), and Ϫ656 to Ϫ630 (MBP4 ) of the human MBP promoter were each incubated with 1 nM (lanes 1, 5, 9, 13), 10 nM (lanes 2, 6, 10, 14 ) , and 100 nM (lanes 3, 7, 11, 15) Gtx and 1000 nM maltose-binding protein (lanes 4, 8, 12, 16 ) . Protein-DNA complexes were resolved on a nondenaturing polyacrylamide gel. The position of the Gtx-DNA complex is indicated at the left. C, EMSA analysis of rPLP promoter-Gtx interactions. Four double-stranded oligonucleotide probes, corresponding to nucleotides Ϫ286 to Ϫ259 (PLP1), Ϫ434 to Ϫ409 (PLP2), Ϫ671 to Ϫ644 (PLP3), and Ϫ1214 to Ϫ1188 (PLP4 ) of the rat PLP promoter were each incubated with 1 nM (lanes 1, 5, 9, 13), 10 nM (lanes 2, 6, 10, 14 ) , and 100 nM (lanes 3, 7, 11, 15) Gtx or 1000 nM maltose-binding protein (lanes 4, 8, 12, 16 ) several of which bind Gtx with high affinity. Gtx is thus expressed in the right cells at the right time and interacts with the appropriate promoters to regulate myelin-specific gene expression. Further experiments are currently in progress in our laboratory to determine whether Gtx is necessary and /or sufficient for the direct activation of myelin-specific gene expression.
Transcription factors and the regulation of Schwann cell development
Although Gtx is an excellent candidate regulator of oligodendrocyte development and myelin-specific gene expression, it is not expressed in Schwann cells, the myelinating cells of the peripheral nervous system. This is, at least superficially, somewhat suprising, because both M BP and PL P, the major C NS myelin proteins, are also expressed in myelinating Schwann cells (Griffiths et al., 1995; Garbern et al., 1997) . Comparison of the known mechanisms of development and regulation of myelin-specific gene expression in Schwann cells and oligodendrocytes, however, demonstrate a number of significant differences. First, the transcription factors known to be necessary for normal Schwann cell maturation and PNS myelination, SCI P (Bermingham et al., 1996; Jaegle et al., 1996) and Krox-20 (Topilko et al., 1994) , are not required for normal oligodendrocyte maturation or myelination. In addition, the developmental profile of expression of these proteins is different in the two cell types. SCI P is expressed in promyelinating Schwann cells, which are committed to myelinate, but is found in oligodendrocyte precursors, not differentiated, myelinating cells (Collarini et al., 1992) . Furthermore, Krox-20 is not expressed in oligodendrocytes (Topilko et al., 1994; Sock et al., 1997) . Second, different regions or modules within the M BP promoter have been shown to be required for oligodendrocyte and Schwann cell gene expression. M BP promoter sequences up to 3.2 kb are sufficient to drive developmentally regulated, oligodendrocyte-specific transgene expression but do not support transgene expression in Schwann cells (Foran and Peterson, 1992; Gow et al., 1992 ) (L. Wrabetz, unpublished data). Recent data from Dr. Alan Peterson's laboratory demonstrate the presence of a small sequence farther upstream in the MBP promoter with properties of an enhancer that is necessary for Schwann cell but not oligodendrocyte expression of a lacZ transgene (Garafalo et al., 1995) (A. Peterson, personal communication) . Finally, comparison of the set of oligodendrocyte and Schwann cell nuclear proteins that bind to the proximal MBP promoter Li et al., 1994 ) (L. Wrabetz, unpublished data) demonstrates a number of significant differences, suggesting that there is a unique set of transcriptional activators present in the two cell types. The above data strongly suggest that the molecular mechanisms underlying the regulation of Schwann cell and oligodendrocyte development are different. The presence of Gtx in oligodendrocytes but not Schwann cells is further evidence of this notion.
Homeodomain proteins, Gtx, and development
The homeodomain, a 60 amino acid motif, found in a large number of proteins both in vertebrates and invertebrates, has structural similarities to the helix-turn-helix DNA-binding domain of some regulatory proteins in yeast and prokaryotes (Laughon and Scott, 1984) . Homeodomain-containing proteins bind DNA and have been shown to act as sequence-specific transcription factors. The Antennapedia class of homeodomaincontaining proteins, which share homology with the Drosophila antennapedia protein, are clustered within four chromosomal regions in rodents and humans and have been implicated in the regulation of pattern formation during early embryogenesis (Krumlauf, 1994) . Homeodomain proteins not found within these four chromosomal clusters, including Gtx, constitute a diverse set of transcription factors, many of which are expressed in a tissueor organ-specific manner (Blochlinger et al., 1988; Ingraham et al., 1988; Staudt et al., 1988; Suh et al., 1994) . Although down- stream or target genes have not been identified for many of these orphan homeodomain proteins, several of them have been implicated in organogenesis and cell differentiation (Roberts et al., 1994; Slack, 1995) . The homeodomain protein most closely related to Gtx is Nkx6.1, a hamster protein of the N K-class of homeodomain proteins, isolated from a pancreatic ␤-cell cDNA library (Rudnick et al., 1994) . The homeodomains of Nkx6.1 and Gtx are 95% identical, including a histidine residue at position 3, which is uniquely found in these two proteins. In addition, the overall amino acid identity between the two proteins is 52%, so there is also significant homology outside the homeodomains. Furthermore, both proteins contain a conserved decapeptide sequence, found in the N-terminal region of the N K family of homeodomain proteins. No other homeodomain protein, including other members of the N K class, shares more than 60% homology with the homeodomain of either Gtx or Nkx6.1 (Komuro et al., 1993) . German and colleagues have recently identified a mouse protein with a homeodomain that is identical to Nkx6.1, suggesting that it is the mouse Nkx6.1 homolog (M. S. German, personal communication). Studies of the pattern of Nkx6.1 expression have demonstrated expression in pancreatic ␤-cell lines and pancreatic ␤-cells but not in postnatal brain (Rudnick et al., 1994 ) (M. S. German, personal communication; R. Awatramani, unpublished results). These data, taken together, suggest that Gtx and Nkx6.1 are unique but related proteins that define a new subclass of homeodomain proteins.
Several homeodomain-containing proteins other than Gtx, including Pdx1 in the pancreas (Ohlsson et al., 1993; Ahlgren et al., 1996) , TTF-1 in lung and thyroid (Lazzaro et al., 1991; Bruno et al., 1995) , and Pit-1 in the pituitary (Nelson et al., 1988; Mangalam et al., 1989; Simmons et al., 1990) , have been shown both to be expressed in terminally differentiated cells and to bind to the promoters of tissue specific genes, implicating them in their regulation. Both Pit-1 and Pdx1, however, are also expressed early in development of the pituitary (Li et al., 1990) and pancreas (Jonsson et al., 1994; Ahlgren et al., 1996) , respectively, and inactivation of either their expression or their f unction has demonstrated that they also are necessary for normal organogenesis. TTF-1 is also expressed early in thyroid and lung development (Lazzaro et al., 1991) but has not been evaluated by homologous recombination. In addition, all three proteins have been shown to trans-activate tissue-specific promoters, either in vitro or in transgenic mice (C ivitareale et al., 1989; German et al., 1992; Ohlsson et al., 1993; Ray et al., 1996) . The tissue-and /or cell-specific pattern of expression of these three homeodomain transcription factors coupled with their ability to bind to tissue-specific promoters suggests that they are involved in the regulation of differentiation in the pancreas, thyroid, lung, and pituitary, which has been borne out by f urther experimentation. The pattern of lineage-and stage-specific expression of Gtx coupled with its ability to bind to myelin-specific promoters, such as Pdx1, TTF-1, and Pit-1, strongly suggests that it has an important function in the differentiation of oligodendrocytes.
